OBJECTIVE: The obesity of the Zucker rat is associated with numerous metabolic and neurochemical disturbances involving the central transmitters regulating feeding behaviour. Among them, the release of satiety-related monoamines from the median hypothalamus in response to a meal is enhanced in obese, as compared to normal, rats as though larger amounts of these amines were necessary to bring about satiety in obese rats. Besides, the obese Zucker rat has often been described as shorter-living than its lean congener. One of the reasons for the shorter longevity of the obese rat was investigated in this study: it could be an aggravation of its obesity-related central disturbances with age. METHODS: We assessed the response to a meal of the hypothalamic monoamines, dopamine and serotonin, in young (four month old) and old (twelve month old) lean (Fa-Fa) and obese (fa-fa) Zucker rats. The in vivo technique of microdialysis was used to combine behavioural recordings and continuous neurochemical assays. RESULTS: The exacerbation of monoamine release observed in young obese rats in response to a meal was no longer found in old obese rats. Serotonin increase during a meal weakened with aging, especially in obese rats. Dopamine (DA) response to a meal was completely reversed in old obese rats, with a decrease instead of the increase observed in the three other groups. CONCLUSION: The decrease of monoaminergic response to a meal with age is apparently the opposite to the enhanced release related to obesity. However, this does not correspond to an amelioration of the hyperphagia of the obese rats with age, as we could observe in parallel behavioural experiments, but rather to a decrease in neurotransmitter metabolism and thus in neuronal functioning.
Introduction
The involvement of brain monoamines in the control of food intake is well established and has been extensively reviewed.
1,2 Serotonin or 5-hydroxytryptamine (5-HT) is widely recognized as promoting satiety and, as such, is involved in the physiology and pharmacology of feeding. 3±6 The central sites of serotonin action are mainly within the hypothalamus, especially the paraventricular (PVN) and the ventromedial (VMH) nuclei. The implication of catecholamines in feeding regulation is more complex and depends on both receptor subtypes and brain regions where they act speci®cally. Although controversial effects have been described, dopamine (DA) has been shown to have an inhibitory action on feeding. 7 Recently, using microdialysis in the PVN and VMH and simultaneous recording of spontaneous feeding behaviour, we measured the levels of 5-HT and DA before, during, and after a spontaneously occurring meal. 8 We observed increases in DA, 5-HT and the 5-HT metabolite, 5-hydroxyindolacetic acid (5-HIAA) levels as soon as the rats began eating while the dopamine metabolite, dihydroxyphenyl acetic acid (DOPAC) levels were decreased. Several abnormalities related both to feeding and to monoamine metabolism are found in the genetically obese (fa-fa) Zucker rat, a model that presents common characteristics with early-onset human obesity. 9 In addition to the early hyperphagia that accompanies the dynamic phase of obesity, 10 these animals consume larger meals as if the process of satiation was delayed. 11, 12 With regard to hypothalamic neuromodulation, we and others have previously reported a reduced metabolism of DA and 5-HT, 13±15 especially at the age of eight weeks, that corresponds to the period of the dynamic hyperphagia and development of obesity. 10 In response to spontaneous feeding, the pro®le of monoamine changes in obese Zucker rats was roughly similar to that of Wistar rats. However, the release in monoamines (5-HT and DA) in obese Zucker rats was more dramatic and longerlasting than in Wistar rats, while the changes in the metabolites were proportionally less pronounced, suggesting that high concentrations of these feedingrelated amines are released and remain in the synaptic cleft of the obese rat, possibly because they are required in larger amounts to bring about satiety.
The obesity of the fa-fa rat is due to a mutation in the gene for the leptin receptor 17 that makes it leptinresistant. 18 There is no evidence that monoaminergic changes of the fa-fa rat are the primary defect of the mutation, since no direct effect of leptin on hypothalamic monoamine release has been demonstrated. However, leptin has been shown to act on neuropeptide Y (NPY), 19 and corticotrophin-releasing hormone (CRH) pathways. 20 These peptides are known to affect monoaminergic pathways. 21, 22 Recently, interactions between leptin and cholecystokinin (CCK) have also been suggested 23 and CCK has been shown to facilitate 5-HT release. 24 Thus, there could be an indirect effect of leptin on hypothalamic monoamines through a cascade of events involving those peptides as intermediary steps.
In addition to its behavioural and neurochemical disturbances, it is empirically recognized that the obese Zucker rat is shorter-living than its lean littermate. It could be hypothesized that obesity is a factor in accelerated aging. In fact, several metabolic and behavioural features are common both to obesity and aging. Normal rats, when growing older, show a tendency to obesity, 25 hyperinsulinaemia and insulin resistance, 26 which are the main characteristics of the obese Zucker rat. 27, 28 A fragmentation of the circadian pattern of feeding is encountered both in genetic obesity 11 and in aging. 29 Both obese 30 and aged 31 rats are less responsive to administration of exogenous substances acting on feeding such as NPY.
The question addressed in the present study is: do the monoaminergic disturbances of the obese Zucker rat resemble those occurring with normal rats' aging and do they worsen with age? Indeed, in normal rats, 32±35 as well as in humans, 36 various age-related changes in monoaminergic neurotransmission have been described. The studies on monoamine release 37±39 have led to apparently con¯icting results, probably due to the type of stimulation used.
A natural stimulus, meal-induced monoamine release, was used in this study like in the previous ones, 8, 16 to assess possible modi®cations in the response related to age and obesity, and to their combination.
Materials and methods

Animals
Male Zucker obese (fa-fa) and lean homozygous (FaFa) rats were used in this study. They were bred and supplied by the Laboratoire d'Endocrinologie, Universite Â Paris-Sud, Orsay, France. Upon arrival In the laboratory, they were housed individually in cylindrical Plexiglas cages, designed to allow the recording of feeding behaviour in unrestrained animals. The temperature of the room was maintained at 24 AE 1 C and the lights were turned on from 06.00 to 18.00 h.
Food (standard laboratory powder chow) and water were available ad libitum. Lean and obese animals were studied at two ages: four-month old (young) and twelve-month old (old). Twelve-month old obese rats actually represent old animals since their mean life span is around 12 months whereas twelve-month old lean rats, that have a longer mean life-span, are not so old, but this age was chosen for the sake of comparison with obese rats.
Surgery
Rats were anaesthetized with pentobarbital (Sano® Libourne, France, 50 mg/kg) after pretreatment by a muscle relaxant, xylasine (Rompun 1 , Bayer Puteaux, France). The animal was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). A guide cannula (Carnegie, Stockholm, Sweden) was aimed at the space lining both the PVN on the upper part and the VMH at the lower part, once the probe was inserted. The coordinates of the guide tip were (according to the atlas of Paxinos and Watson 40 ) 7 1.9 mm anterior, 0.5 mm lateral and 7 mm ventral to bregma. The dialysis probe protruded 2 mm beyond the guide-tube and its tip reached a point 9 mm ventral to bregma. The guide cannula was ®xed to the skull with stainless steel screws and dental cement.
Two to three days after the operation, the animals showed normal sleep, feeding and body weight gain (data not shown here). However, at least one week was allowed to the rat for a complete postoperative recovery before the experiments began. During this period, the animas were habituated to the experimental conditions in their own home cage. The rats were permanently connected to the dialysis system of catheters, which were protected by a metal sheath and kept out of the animal's reach by means of a counter-balanced beam. 41 This arrangement allowed normal movements and feeding.
All experiments were performed in the animals' own home cage.
Microdialysis procedure
The microdialysis membranes (Carnegie) were 2 mm long, with a diameter of 0.5 mm and a 20 000 molecular weight cutoff. According to our in vitro calibration test, the relative recovery was around 10% for both monoamines and their metabolites.
The perfusion was performed with a Ringer type solution containing 147 mM Na , 2.3 mM Ca , 4 mM K and 155.6 mM Cl
7
. A system of catheters connected to a two-way swivel placed on the beam, allowed both independent perfusion of¯uid into the probe and sampling. 41 A constant¯ow rate of 2 ml/min allowed the collection of 30 ml samples every 15 min.
Experimental protocol
Because the experiment was conducted in the rat's home cage, where the tubes were permanently Obesity and aging on hypothalamic monoamines S Lemierre et al connected, the only change for the rat on the day of experiment was the insertion in the morning of the microdialysis probe through the guide. At that time, the animals were deprived of food but not water in order to be sure that all rats were in the same nutritional state before the experiment began. Anyway, in that period of time, the rats infrequently ate spontaneously. The ®rst samples were taken at least four hours after insertion of the probe. In preliminary microdialysis experiments, this four-hour delay was shown to be necessary for achieving stable extracellular monoamine levels. After collecting four 15 min baseline dialysis samples, food was presented ad libitum from 14.00 h until the end of the experiment (18.00 h). Food intake was automatically and continuously recorded, using a computerized recording system during the experimental period and until the next morning.
Analysis of hypothalamic monoamines
Extracellular hypothalamic monoamines in each 15-min dialysate sample were analysed by reverse phase liquid chromatography, with electrochemical detection (Decade, Touzard et Matignon, Paris, France) at a potential of 750 mV. The chromatographic system consisted of a 20 ml sample loop leading to a 10 cm column (Colochrom, Paris, France) with a 3.2 mm internal diameter and 3 m C-18 packing. The mobile phase consisted of an acetate buffer containing 100 mM ethylene-diamine tetraacetic acid (EDTA), 1 mM octanesulfonic acid and 6% v/v acetonitrile at pH 3.1. The compounds analysed were DA, DOPAC, 5-HT, and 5-HIAA. 8 
Histology
At the end of each experiment, the animals were given an overdose of pentobarbital and were perfused with saline followed by 10% formalin. The brains were removed, further hardened in 10% formalin, and cut into serial 60 mm thick coronal sections. Following glycerin embedding, they were observed at low magni®cation under a microscope by an observer unaware of the data obtained to check for the position of the dialysis probe. The animals whose brains did not show a correct placement of the guide and the probe were discarded.
Expression of results and statistics
Each rat consumed 1±3 meals during the experimental time. As a result, numbers of rats and meals in each group were respectively: n 3 and n 7 for young lean, n 3 and n 7 for old lean, n 5 and n 8 for young obese and n 8 and n 12 for old obese rats.
When a rat consumed more than one meal during the experimental session, the results associated to the second or third meal were taken into consideration provided that the intermeal interval was at least 60 min. In the case when the meals were too close together (`40 min), even the results of the ®rst one were discarded since it was not possible to distinguish between its remaining effect and the early variations induced by the second one.
As usual in microdialysis experiments, 42 the percentage of variation, relative to the mean of the four baseline samples, was calculated for each sample during and after each meal for DA, DOPAC, 5-HT and 5-HIAA.
Results were then expressed as means of percentage variations AE s.e.m. and the signi®cance of the variation was assessed by Student's paired t-test, each animal being its own control.
In addition, comparison between the four groups at each time point was analyzed by a one way analysis of variance (ANOVA) followed by Fisher PLSD test to assess the differences between the groups.
Results
Feeding behaviour
During the experimental period, the mean spontaneous meal size was 1.9 AE 0.2 g for four month-old lean rats, 2.7 AE 0.4 g for twelve month-old lean rats, 2.4 AE 0.3 g for four month-old obese rats and 2.5 AE 0.2 g for twelve month-old obese rats. The other three groups differed from young lean rats (P`0.05).
Between the end of the dialysis session and the next morning, total intakes of the four groups were: 19.4AE 2.9 g, 26.0AE 0.2 g, 20.5 AE 1.8 g and 26.3AE 0.7 g, respectively. Intakes of young lean and obese rats were not statistically different, neither were those of old lean and obese rats. But the two groups of young rats differed from the two groups of old rats (P`0.05).
DA and DOPAC (Figure 1) DA increased during the spontaneous meal in four month-old lean rats (maximal increase 63% after the meal, P`0.01 compared to basal levels), in twelve month-old lean rats (maximal increase 52% after the meal, P`0.05 compared to basal levels) and in four month-old obese rats (198% during the meal, P`0.01 compared to basal levels).
In lean rats, at the age of 12 months, DA increase was slightly, but not signi®cantly, smaller than in young lean rats. In four month-old obese rats, DA increased more sharply, compared to lean rats, during the meal (P`0.05 compared to young lean rats) before returning very rapidly to basal levels within the next 30 min. In 12 month-old obese rats, the main difference with the other groups was a decrease in DA (as low as 730% after the meal, P`0.05 compared to basal levels, P`0.01 compared to all the other groups).
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In four month-old lean rats, the DA catabolite DOPAC, on the contrary to DA, decreased during the meal (727%, P`0.05 compared to basal levels). In older lean animals, DOPAC decreased less (710% after the meal, not signi®cant compared to basal levels). In young obese rats, DOPAC decreased regularly during and after the meal (726% within the 30 min following the meal, P`0.05 compared to basal levels) while at the age of 12 months, it showed no decrease (73% during the meal). The differences between the four groups were not statistically signi®cant.
Serotonin and 5-HIAA (Figure 2)
In young lean rats, 5-HT showed a rapid increase during the 15 min of the meal (63%, P`0.01 compared to basal levels), while in older lean rats, it increased to a lesser degree (31%, P`0.05 compared to basal levels). In young obese rats, 5-HT showed, like in young lean rats, a rapid enhancement during the meal (209%, P`0.001 compared to basal levels). At the age of 12 months, 5-HT showed a lesser increase during the meal than in young obese rats (148%, P`0.01 compared to basal levels).
In old lean rats, 5-HT increased signi®cantly less than in young lean rats (P`0.05). In young obese rats, 5-HT was enhanced with a larger magnitude than in young lean rats (P`0.05). In 12 month-old obese rats, 5-HT increase was smaller than in young obese rats (P`0.05), but larger than in old lean rats (P`0.05).
In young lean rats, the 5-HT catabolite 5-HIAA increased during the 15 min following the meal (53%, P`0.05 compared to basal levels), while it P`0.05; P`0.01 compared to young lean rats. P`0.01 compared to old lean rats. **P`0.01 compared to young obese rats. P`0.05; P`0.01 compared to young lean rats.
P`0.05 compared to old lean rats. *P`0.05; **P`0.01 compared to young obese rats.
Obesity and aging on hypothalamic monoamines S Lemierre et al did not increase signi®cantly in older lean rats (14%) leading to lower levels than in young lean rats (P`0.01). In young obese rats, 5-HIAA increased during and after the meal (26%, P`0.05 compared to basal levels) but less than in young lean rats (P`0.05). The increase was still smaller in older obese rats (15%, not signi®cant compared to basal levels, P`0.01 compared to young obese rats).
Discussion
This study reveals that feeding-induced hypothalamic monoamine release is enhanced by obesity and reduced by aging. However, the reduction in DA in old obese rats is even larger than in old lean rats. In a previous study, 16 we have shown that spontaneous feeding was accompanied by an approximately similar pro®le of monoaminergic changes in young normal Wistar and obese Zucker rats, but the monoamines were released in higher amounts in the obese Zucker rats and the increase was longer-lasting. In the present study, we found the same differences as in the previous study between young lean (Fa-Fa) and obese (fa-fa) Zucker rats (63% and 198% for DA and 63% and 209% for 5-HT, respectively). We hypothesized in this previous study that the obese rat is less sensitive to its endogenous monoamines, usually released during a meal, and then requires larger amounts to bring about satiety.
The pro®le of monoaminergic changes in response to spontaneous feeding was found also to be nearly similar in young (4 months) and old (12 months) animals. However, the closer analysis of the kinetics and magnitudes of feeding-related changes revealed some differences: the monoamines were released less during a meal in old rats from both genotypes than in their respective young congeners. The most surprising result in old obese rats is not only a reduced response, but a decrease in DA release during a meal.
The relative changes of the amines and of their corresponding metabolites may provide an index of the activity of the system. With regard to 5-HT, 43 the larger increase of the amine together with a proportionally smaller production of 5-HIAA is indicative of a higher release and synaptic activity before reuptake in young obese as compared to young lean rats. It is the opposite in old lean rats. In old obese rats, 5-HT activity is intermediate between that of young lean and young obese rats. With regard to DA, 44 according to the same criterion, the activity of the amine would be increased in young obese, decreased in old lean and completely collapsed in old obese rats.
According to the hypothesis that the magnitude of monoamine release is proportional to the resistance of an animal to its endogenous amines that produce satiety, the attenuation of response in older animals should be ascribed to a better regulation of satiety.
However, that may not be the case, since we found that obese rats became more hyperphagic with age on the basis of their overnight food intake, while their meal size was already large than that of lean rats at four months of age and remained unchanged at 12 months. Even lean rats increased both meal size and total overnight intake when getting older. Thus, the magnitude of monoamine release in response to a meal is no longer related to hyperphagia in old animals. Other neurotransmitters involved in feeding regulation may in turn sustain the persistence and occurrence of hyperphagia. In any case, the decrease in DA release during a meal, characteristic of old obese rats, may be ascribed to other disturbances, different from those involved in feeding behaviour, like locomotor activity and motivation, which are impaired in obese 45 and perhaps even more in old obese rats.
The reduced monoamine response in old rats must rather be related to a generalized reduction in the neuronal functioning with age, 46 in agreement with the notion that neurotransmitter metabolism re¯ects the functional status of the neuron. 47, 48 Other studies in different brain regions showed a reduction with age of noradrenaline (NA) and 5-HT release evoked by high K concentration while DA release was greater in older rats. 49 Few studies were performed in our region of interest, the PVN, where a decrease in NA release in response to K was observed. 50 These data show a general tendency to a decreased monoamine release with aging, except for DA, and thus are in agreement with the present study with regard to 5-HT, but differ with regard to DA. The reason for this controversy is that some agents such as K , release DA from newly synthesized pools, while others such as tyramine and amphetamine, release DA from vesicular stores by a carrier mediated mechanism. 51 In this latter case, DA release has been shown to be reduced in older rats. 49, 52 The release evoked in vivo by spontaneous feeding, presents some similarities with that evoked by amphetamine as was discussed in our previous study on Wistar rats: 8 in both cases, the enhancement of DA levels is accompanied by a decrease in DOPAC levels in the extracellular¯uid. Thus, our present results can be compared to those from the studies using vesicular release and showing a reduction in DA release with aging. In addition, dopaminergic neurons of certain brain regions, including the hypothalamus, are particularly sensitive to age-related decrease in neuronal function.
53,54
Conclusion
These results indicate that hypothalamic monoamine release in response to spontaneous feeding may be affected not only by genetic obesity (as we previously showed 16 ), but also by aging. On one hand, obesity is associated with an enhanced release of monoamines during a meal, which re¯ects a resistance of the obese Obesity and aging on hypothalamic monoamines S Lemierre et al rat to its endogenous amines known to induce satiety. On the other hand, aging is associated with an attenuation of monoamine release and particularly, a reduction of DA response that may be ascribed to a deterioration of neuronal functioning. Thus, hyperphagia developing with aging, cannot be compared with the hyperphagia related to the obesity of the fa-fa rat. In addition, the obesity-related monoamine changes are not a constant feature of the obese rat during its life-span and the effect of aging ®nally prevails. With regard to serotonin, the result of obesity and aging is only an intermediate variation. However, concerning DA, obesity combined with aging leads to an acceleration of the usual age-induced reduction in neuronal functioning that may contribute to the reduced longevity of obese animals.
